Spinal osteophytic changes are known to be affected by differences in age, sex, population, and mechanical stress. We examined Joseon skeletons (n=87) to obtain vertebral osteophytosis data on a pre-modern Korean population. The mean osteophytic value (MOV) of vertebrae increased in the cervical-thoracic-lumbar order. More severe osteophytosis was found in the vertebrae (C5, T9, T10, and L4) farthest from the line of gravity, while the general pattern of vertebral osteophytosis appeared similar to those of previous reports on other skeletal series. More severe osteophytes were much more common in the males, possibly due to their engaging in more strenuous physical labor than that of females. We also observed MOV patterns seemingly unique to the Joseon people, and findings not typically reported in previous studies. Although a full explanation of the factors contributing to vertebral-osteophytic development in Joseon Koreans will require further studies, the present results are meaningful to anatomists and anthropologists interested in osteophytic patterns occurring in an East Asian population.
Introduction
A spinal osteophyte is defined as a fibrocartilage-capped, bony outgrowth in the vertebral body [1, 2] . It is known to develop in response to continual pressure on the vertebral body, inducing collapse of the intervertebral disc and a general weakening of the vertebral column; therefore, manifesting finally as nerve compression and limited joint mobility [1] [2] [3] [4] [5] [6] . Anatomists and anthropologists have investigated correlations between degenerative changes in the spine and various environmental, biological, and genetic factors [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . For example, sex was found to affect the vertebral osteophytes in a skeletal series comprised of specimens discovered in premodern Korean tombs dating to the Joseon Dynasty . We undertook an anthropological examination on the vertebral osteophytes in a Joseon sample, which will be significant to researchers interested in vertebral osteophytes in different human populations.
Materials and Methods
We examined the Joseon people's vertebrae maintained at Seoul National University College of Medicine, Korea. Sex was determined by the shapes of the sciatic notch or the mastoid process. Age at death was estimated by auricular-surface degeneration of the hip bone. Age at death was categorized into eight phases based on transverse organization, granularity, apical activity, degeneration of the retroauricular area, and porosity of the auricular surface [24] : 1-2 as young (20-35 years), 3-6 as middle (36-50 years), and 7-8 as older adult (>50 years). Following previous studies [6, 22] , the first cervical vertebra (C1) was excluded because it does not have a vertebral body to assess. Among 101 individuals, four cases with vertebrae showing pathological signs of diffuse idiopathic skeletal hyperostosis or ankylosing spondylitis [25] were also excluded. Ten cases showing severe taphonomic changes in anterior margins of vertebral bodies were also excluded. Thus, a total 1,578 vertebrae from 87 Joseon individuals were finally investigated. The sex of all 87 cases was determined, whereas age at death was uncertain in two.
Osteophytes were diagnosed when bony outgrowths developed on the margins of vertebral bodies [4, 7, 26] . The degree of vertebral osteophytic damage was classified into five stages (0-4) based on the methods of Snodgrass [27] and Van der Merwe [6] . Briefly, grade 0 shows no indication of osteophytosis (i.e., no lipping on the margin); grade 1 has a single osteophyte point visible on the vertebral body, with slight lipping on the superior and inferior margins; grade 2 exhibits more lipping on the margins, projecting almost horizontally from the vertebral body; grade 3 exhibits advanced lipping, assuming a bird's beak shape, with the free end curving in the direction of the closest intervertebral space; and grade 4 is assigned to osteophytes of two or more adjacent vertebrae fused together [4, 7, 26, 27] (Fig.  1 ). The mean osteophytic value (MOV) was defined as the mean osteophytic grade value for each vertebra to compare osteophytosis severity in each vertebral segment.
Statistical analysis was performed using SPSS ver. 13.0 (SPSS Inc., Chicago, IL, USA). Frequencies, means, and standard deviations of data were calculated and compared between the groups using the t-test or analysis of variance. The Kruskal-Wallis test [28] was used to test for differences in quantitative parameters in the small groups. Differences in the frequency of osteophyte development were tested by the chisquare test or Fisher's exact test [29] . A P<0.05 was considered significant.
Results
Among the 87 Joseon skeletal specimens examined, 49 (56.3%) and 38 (43.7%) were determined to be male and female, respectively. The age at death could not be determined, with the exceptions of two cases (nos. 179 and 223).Thirteen (14.9%), 42 (48.3%), and 30 (34.5%) individuals were classified as young, middle, and older aged, respectively (Electronic Supplementary Table 1 ). Cervical, thoracic, and lumbar osteophytosis was observed in 82.1% (69/84), 94.7% (74/76), and 90.7% (68/75) of the cases (Table 1) . When a stage 2 osteophyte was set as a cut-off criterion, the prevalences were adjusted to 32.1% (27/84), 67.1% (51/76), and 73.3% (55/75), respectively. The osteophytic difference by sex was not statistically significant (males, 98.0%, 48/49; females, 100%, 38/38; P>0.05).
We also assessed osteophyte severity using the MOV (Fig.  2 , Electronic Supplementary Table 2 ). As a result, the MOV increased in the cervical-thoracic-lumbar order, except for C6-T1 and T10-T11 ( Fig. 2A ). Only 7.1% and 26.7% of the cervical and lumbar spines, respectively, showed grade 3 vertebral osteophytes (Electronic Supplementary Table 2 ). The MOV distribution pattern was similar in the cervical, thoracic, and lumbar segments, whereas the osteophytic grades rose towards the vertebrae in the middle (Fig. 2B ). The highest MOV was that for C5 (mean, 1.31 for males and 0.74 for females) among the cervical vertebrae, T9 (mean, 1.35 for males) and T10 (mean, 1.00 for females) among the thoracic vertebrae, and L4 (mean, 1.85 for males and 1.44 for females) among the lumbar vertebrae. The lowest MOV was that for C2 (mean, 0.33 for males and 0.16 for females), T1 (mean, 0.46 for males and 0.60 for females), and L1 (mean, 1.41 for males and 0.71 for females) (Electronic Supplementary Table 3 ).
The male and female vertebrae in each segment showed similar distribution patterns ( Fig. 3 ): the highest MOVs were Values are presented as number (%). those for C5, T9 (males)/T4, and T10 (females) and L4, which are the most distant vertebrae from the line of gravity. In contrast, MOV was the lowest in the cases of T1 and T2 where the spinal column was in the center of the line of gravity ( Fig. 3 ). However, the MOV pattern of females was slightly different from that of males. Specifically, a bimodal pattern of MOV (T4 and T10) was observed in the female thoracic vertebrae. In general, the Joseon males showed a higher MOV than their female counterparts ( Table 2 ). In a comparison of the MOV by sex, ostetophytes in C5, T7, T8, T12, L1, and L2 were statistically more prevalent among males than among females (P<0.05) (Electronic Supplementary Table  3 ). Additionally, severe cases were much more commonly observed in males (Electronic Supplementary Table 4 ). We also tested for oste ophytes at each spinal level by age group. The cervical and lumbar frequencies for the middle and older age groups were significantly higher than for the young-age group (Table 3) . Overall, the older the age group, the higher the MOV (Fig. 4 , Electronic Supplementary Table 5 ).
Discussion
Osteophyte distributions along the vertebral column have been well documented in previous reports. Osteophytic severity is associated with gravity; specifically, greater pressure is loaded on vertebrae farthest from the line of gravity [6] . This general pattern of vertebral osteophytes was not only observed in the present study, but has been featured in previously reported findings as well.
A number of studies have also found osteophytic development to be very commonly associated with secondary curvature of the spine (i.e., of the cervical and lumbar vertebrae) [6, 30, 31] . For example, osteophytic severity among a South African skeletal series was highest in the lumbar, followed by the cervical, and then the thoracic vertebrae [6] . The thoracic vertebrae exhibited relatively less osteophytic development despite that some of them were located farthest from the line of gravity, possibly due to the stability provided by the supportive action of adjacent ribs [6, 31] . However, such an overall osteophytic pattern remains controversial, as some skeletal series have shown discordant patterns. For example [32, 33] , osteophytic severity involving the thoracic vertebrae was not significantly lower in historical Croatian and English samples than those with cervical and lumbar osteophytosis (Electronic Supplementary Table 6 ). Furthermore, the MOV of the thoracic vertebrae in our Joseon skeletons farthest from the line of gravity (T9, mean, 1.35 for males; T10, mean, 1.00 for females) was higher than values for their counterpart cervical vertebrae (C5, mean, 1.31 for males and 0.74 for females) but lower than those of the lumbar vertebrae (L4, mean, 1.85 for males and 1.44 for females). In fact, vertebral degenerative changes correlate with occupational-related stressors. For example, vertebral changes observed in skeletons taken from the sunken 16th century English battleship Mary Rose were thought to have been caused by official activities undertaken by the crew members [21] . Similarly, we should consider the commonly employed A-frame (Jige in Korean), which was quite a convenient tool for Joseon society laborers during that period in history, but imposed a heavy load on thoracic vertebrae (Fig. 5) . It is certainly possible that this is what caused the higher thoracic MOV findings in the present Joseon skeletal series. However, this explanation invites some skepticism, as most of the samples examined in this study are suspected by archaeologists to have been upper-class members of Joseon [34] . That is, individuals in this study would have performed significantly less physical labor than other, lower class Joseon people. Therefore, an alternative explanation for the relatively higher thoracic MOV in our Joseon skeletal series is necessary. The prevalence of thoracic osteophytosis increases naturally with age. Indeed, some anatomists and anthro pologists argue that skeletal thoracic-osteophyte findings could be used for age-at-death estimations [7, 27] . In any case, any skeletal series that includes remains of exclusively or mostly elderly individuals should show higher prevalences of vertebral osteophytosis. Therefore, we cannot rule out the possibility that the higher-thoracic-MOV skeletal series examined in this study included a greater number of specimens from older individuals than other, perhaps more typical series reported previously. This would also explain why the osteophytic frequency in our Joseon skeletal series (98.9%) was remarkably higher than figures previously reported for English, American, or Japanese historical populations (56.6-88.2%) ( Table 4 ). The lack of satisfactory technique for estimating age at death in adult skeletons from archaeological sites may have contributed to our findings. The probable underestimation of age at death, particularly in Asian sam ples and elderly individuals, due to the limitations of age estimation method by Lovejoy et al. [24] , may have accentuated the difference in the osteophyte prevalence compared with previous reports [35] [36] [37] .
However, regardless of the true source of the present study's higher thoracic vertebral MOV, any conclusions drawn at this time must be considered provisional, because the population structures of all relevant historical skeletal series have yet to be compared in full detail.
Significant osteophytic findings for male specimens are probably due to their typical engagement in more strenuous physical labor than females [38, 39] . Although spinal columns of the two sexes show a very similar osteophytic development pattern, there are also some differences. The vertebrae located farthest from the line of gravity have more osteophytes in females than those closest. In contrast, the osteophytes in T2 to L5 show a gradual increase in development in males, and only a slight reduction in frequency at L1 is noted [6] .
In our study on the Joseon skeletal series, we observed a somewhat different pattern. First, the Joseon male vertebrae located farthest from the line of gravity exhibited the highest MOV (i.e., C5, T9, and L4); that is, there was no pattern of gradual increase from the thoracic to the lumbar vertebrae.
The Joseon female's osteophytic distribution generally differed from that of the South African females. For example, T4 (mean, 0.90) showed the highest MOV in the upper part of the thoracic segment, reflecting the bimodal pattern of thoracic MOV seen for Joseon females. Moreover, the female's MOV for the lower thoracic and upper lumbar vertebrae (the T-L junction) was lower than that in their male counterparts. This phenomenon is interesting, as the vertebral curvature of female is significantly posterior to the line of gravity relative to a male, thereby inducing ostephytosis in the T-L junction much more readily [40] . As this finding differed from the established hypothesis, we should consider that less strenuous physical activity and more moderate postural loads alleviated the development of osteophytes in Joseon females.
Taken together, our vertebral osteophytic findings herein on a Joseon skeletal-sample series, one of the rare such reports from any Asian countries, show a general pattern similar to those of previous studies on other, non-Asian historical populations. More severe osteophytosis was observed in the vertebrae (C5, T9, and T10 and L4) farthest from the line of gravity. Comparing the MOV by sex at each vertebra, the males showed higher values than the females, possibly because they engaged in considerably more strenuous physical labor. We also observed some unique MOV patterns not usually seen in other studies. Although a full explanation of the factors contributing to vertebral osteophytic development in Joseon Koreans will require multidisciplinary studies, the present results will be meaningful to anatomists and anthropologists interested in osteophytic patterns occurring in a non-European population.
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